The DNA demethylating agent, 5-aza-2 -deoxycytidine (d-AZA), elicits temporally related morphologica l defects and altered gene expression in mouse hindlimbs. Segmental formation of limb regions (stylopod, zeugopod , and autopod) is partially dependen t on Hox gene activation. The objective of this study was to understand the role of altered expression of key hox genes in the early pathogenesi s of d-AZA-induced hindlimb defects in mice. Semiquantitative RT-PCR was used to analyze hox gene expression (Hox C-11 and Hox A and D homologs, paralogs 9-13). Untreated and treated fore and hindlimb buds were collected 12 and 24 hours after IP injection (1 mg/kg) of d-AZA at 9 am on gestational (GD) 10 and processed for RT-PCR. Additional pregnant mice were treated similarly and whole embryos collected 12 and 24 hours posttreatment and processed for histopathologica l analysis. No changes in hox gene expression were detected in the forelimb tissue. There was a 2-fold down-regulatio n of hoxA-11 and C-11 in the 12-hour hindlimb bud tissue. No changes in the HoxD series were detected in the hindlimb bud tissue. The 12-and 24-hour untreated mice exhibited some of the morphologica l features consistent with physiological apoptosis. Most tissues of the treated mice exhibited cellular changes consistent with cell death associated with the cytotoxicity of the compound . The data reported supports the hypothesi s that altered gene expression and not cytotoxicity alone is associated with d-AZA-induced hindlimb dysmorphogenesis .
INTRODUCTION
Prenatal exposure to 5-AZA-2 -deoxycytidine (d-AZA) causes hindlimb longbone defects in mice. 5-AZA-2deoxycytidine, a DNA demethylating agent (1) has been shown to elicit differential gene expression in the hindlimb buds of treated mice (4) . Alterations in DNA methylation may directly or indirectly alter the expression of genes which control limb outgrowth. The literature demonstrates that another limb teratogen, retinoic acid, induces gene-mediated apoptosis (15) , which involves alterations in the expression of retinoic acid receptors, putative Hox gene regulators (2, 16, 27) . Extensive cell death seen with retinoic acid treatment may play a role in the abnormal limb development. However, this may be subsequent or in addition to perturbations in mechanisms that control limb outgrowth. In this and other cases, (where both fore and hindlimbs are affected), the hindlimbs are more severely affected (19, 23) .
The process of the segmental formation of limb regions (stylopod, zeugopod, and autopod) is partially dependent on the activation of Hox genes (9-13 paralogs) . Mice with targeted disruptions in HoxA-11 and/or HoxD-11 genes have generated phenotypes exhibiting longbone truncations (6, 9) . Another Hox paralog, C-11, is primarily expressed in the mesenchyme of the hindlimb buds whereas there is minimal expression in the ectoderm of the forelimb buds of mice. Thus, the speci city of effects for the hindlimbs may be due in part to this difference in the expression of this gene. The Sonic hedgehog (Shh) gene encodes peptide signals involved in vertebrate limb patterning. It is associated with patterning of the anteroposterior axis of the developing limb and mediates the activity of the zone of polarizing activity (ZPA). In addition, the sonic hedgehog gene in uences the expression of Hox genes in the limb and neural tube (24, 25) . Recent experiments in our laboratory have shown an increase in Shh expression in the hindlimb bud tissue of d-AZA treated mice (5) . Taken together, these observations suggest that alterations in Hox and/or Shh expression may be closely associated with d-AZA-induced abnormal limb development. The objective of this study was to understand the role of altered expression of key hox genes in the early pathogenesis of d-AZA-induced hindlimb defects.
METHODS

Animals
To reduce interlitter variation in staging, CD-1 mice (Charles River Laboratories, Raleigh, NC) were bred from 12 am to 2 am. One untreated male was mated with 3 females. 501 0192-6233/01$3.00 $0.00 502 BRANCH AND HENRY-SAM TOXICOLOGIC PATHOLOGY Females were then caged 1 per cage after mating. The time (9 am) after plug identi cation was considered day 0. Animals with plugs were included in the study. Primary mouse enclosures contained pine bedding and housed in animal rooms at 24 C with a 12-hour arti cial light cycle (6 am to 6 pm). Mice were fed commercial lab chow and water ad libitum.
Dosing and Tissue Collection 5-aza-2 1 -deoxycytidine (d-AZA, minimum 95% purity, Sigma Chemical Co., St. Louis, MO) was used in this study. The compound was dissolved in 0.9% saline, and dilutions were made to achieve a dose of 1 mg/kg delivered IP in a volume of 0.2 mL. At 9 am on GD 10, 8 animals were dosed with d-AZA and another 8 were treated with normal saline vehicle only. For RT-PCR, buds of 3 litters per time point, 12 and 24 hours posttreatment (for treated and control animals), were pooled for the analysis. Fore or hindlimb buds (buds) were collected in RNAse-free phosphate-buffered saline and stored at 70 C. From a separate set of pregnant animals (3 treated and 2 control), whole embryos were collected 12 and 24 hours posttreatment. Whole embryos were xed in 10% neutral buffered formalin, processed to slides stained with hematoxylin and eosin, and examined by light microscopy. Sections were obtained to allow the examination of all organ systems of the embryos. The remaining animals of the experiment were allowed to reach term for con rmation of the presence of hindlimb defects. The results presented represent data con rmed via a repeat of the entire experiment.
Reverse Transcription-Polymerase Chain Reaction
Semiquantitative reverse-transcription polymerase chain reactions (RT-PCR) were used to analyze hox gene expression (HoxC11, Hox A, and D homologs, paralogs 9-13) in mouse limb bud tissues. Detection of differential expression by RT-PCR is preferred for assessment of mRNA levels when message levels are rare or very low. This approach is very sensitive and can be applied to characterize low copy number or shortlived mRNAs (4-7, 14, 22, 28-29) . The pre-ampli cation Kit (Gibco-BRL) was utilized in a BioRad "i-Cycler Thermal Cycler for reverse transcription of RNA using oligo dT primer. Treated or untreated total RNA was added to oligo (dT) primer, PCR buffer, dNTP mix, and dithiothreitol as provided by the pre-ampli cation kit. Ten percent of the cDNA product was then used as template for the PCR reactions also performed in a BioRad "i-Cycler" Thermal Cycler. Each PCR reaction was done in duplicate. A master mix containing enough cDNA, PCR buffer (Stratagene) and dNTPs for four PCR reactions was prepared. Two of these reactions contained the primer corresponding to the studied gene, whereas the remaining reactions contained the primer for the internal standard, cyclophilin. This internal standard was used as a baseline monitor. Cyclophilin ampli cation served to insure that different samples contained similar amounts of RNA. It also demonstrated that the reverse-transcription reactions proceeded with equal ef ciency. The master mix approach decreased sources of variation between PCR reactions. The products of multiple PCR reactions terminated after different numbers of cycles were analyzed by electrophoresis and densitometry to determine the linear range of cycles. The primers for cyclophilin and hox were designed using the Typical PCR cycling: A preliminary cycle of PCR was done (94 C -2 min., 60 C -1 min., 72 C -1 min.) followed by 30 additional cycles of (94 C -30 sec., 60 C -1 min., 72 C -1 min.) followed by a nal cycle (94 C -30 sec., 60 C -1 min., 72 C -10 min.).
The PCR products were separated on a 1.6% agarose gel and analyzed by densitometry using the Bioimage documentation system). The lane volumes were used to compare band densities: Lane volume OD lane width (mm) band thickness (mm).
RESULTS
Mouse fetuses from dams treated in utero with d-AZA were allowed to remain in utero until GD17. These exhibited the expected hindlinb longbone defects including phocomelia, reduced or absent tibiae and bulae (3). RT-PCR results showed at least a 2-fold down-regulation of hoxA-11 in the 12-and 24-hour treated hindlimb bud tissue (Figure 1 ) and hox c-11 in the 12-hour treated hindlimb bud tissue (Figure 1 ). No changes in the hoxD series were detected in the hindlimb tissue. No changes in expression of the studied hox genes were detected between treated and control forelimb bud tissue.
A number of the ndings in the histological data presented are consistent with the criteria described as it relates to the histopathologica l de nition of cell death (26) . Frequent mitotic gures were present in the control fore and hindlimb tissues (Figure 2A and 2B ). Hypereosinophilic and shrunken cells were present along the leading edge (apical epidermal ridge, AER) of the forelimb tip, at junction of limb to the body (shoulder and axilla), near the middle areas of tissue condensation, and close to developing muscle and nerves.
Vol. 29, No. 5, 2001 HOX GENES AND HINDLIMB DYSMORPHOGENESIS 503 This was consistent with typical "physiological" apoptosis that occurs in fetuses. The 12-hour fore-and hindlimb buds exhibited features consistent with cell death ( Figure 2C ). In ammation was present in many tissues and organs. Diffusely scattered pyknotic and cellular debris were present in the forelimb and hindlimb buds, neural tissue, and mesenchymal tissue. Also, numerous phagocytes were present among these cells. In the 12-and 24-hour treated mice, there was severe cell death and in ammation in the neural tubes (developing brain and spinal cord, Figures 2E and 2F ) as compared to the normal neural tube ( Figure 2D) , especially in the central zones of the tubes. Moderate to severe, regionally extensive cell death and in ammation was present in many tissues including neural tube, nerve ganglia, muscle precursors (myotomes), somites, forelimb, and hindlimb buds. There was also involvement of other tissues such as the nerve ganglia, developing eye, and foregut epithelium. In a sample of fetuses sectioned sagittaly, vacuolation of nerve axonal bers were noted in bers emanating from the posterior dorsal root ganglia towards the soft tissue of the caudal body structures. Edema of the mesenchymal tissue was often observed especially near neural tubes.
DISCUSSION
Because no changes were detected in the expression of the Hox genes studied in treated forelimb tissue, there is a possibility that the lack of d-AZA-induced forelimb defects may be associated with differences in the methylation patterns of these genes between the fore-and hindlimb buds. The forelimbs are developmentally ahead of the hindlimbs and may be thought to contribute to temporal differences in the expression to the hox genes examined. However, earlier and later treatment times with d-AZA still do not induce defects in the forelimbs as in the hindlimbs (3). There may have been altered methylation in the genes of both the fore-and hindlimbs, but the subsequent response to these alterations in fore-and hindlimb buds may have differed. HoxC-11 was speci cally included as a hox gene of interest due to its differential and restricted limb bud expression during normal development. HoxC-11 RNA is detectable in the dorsal root ganglia, prevertebrae and hindlimbs. It is also detected in the epithelium of the forelimbs and the mesenchyme of the hindlimbs during the GD10 embryonic stage (12) . However, Hostikka and workers (12) further report that HoxC-11 expression is detected in both the fore and hindlimb epithelium by approximately GD11. This may explain the induction of only digital defects in the fore and hindlimbs when embryos are exposed to d-AZA on GD11 (3).
There was extensive cell death and in ammation in a variety of tissues, including the neural tube, which had nor- mal morphology at birth and postnatally. Only the hindlimbs and tails of GD10 d-AZA treated animals remain morphologically abnormal at birth. It is possible that the cells expressing HoxA-11 and C-11 may have been removed via cell death mechanisms. However, this would likely be a selective process because the HoxD-11 homolog is expressed normally. Although cytotoxicity may play a role in the d-AZA-induced phenoytype, this may be a response to or accompany perturbations in the expression of limb patterning genes.
Apical growth results from proliferation of mesenchymal (maintained by the AER) cells in the progress zone (PZ). The prechondrogenenic condensations progress from proximal to distal; The stylopod (humerus, femur) patterns rst, followed by the zeugopod (ulna, radius, tibia, bula) and autopod (paw, digits). This is a process that partially depends on the function of Hox genes. In HoxC-11 and D-11 double mutants, there is nearly a complete absence of the radius and ulna. The forelimb effects are more severe than those in the hindlimb of these double mutants. Group 11 Hox genes, therefore specify the zeugopod (9) . Disruption of the HoxA-9 and/or HoxD-9 genes affect normal development of the humerus with no effects on hindlimb structures (11) . The milder and near absence of hindlimb effects in these animals may be due to redundant functions or compensation by other paralogs such as HoxC-11.
The animals of this study do not exhibit forelimb defects when treated on any of GDs 8-11. This may be due to the altered expression of the HoxC-11 gene, which is strongly expressed in hindlimb mesenchyme and the lack of alteration of HoxD-11. Unlike targeted disruptions, the expression of these genes was altered by a compound known to passively alter methylation of genes (1, 10, 18) . Therefore, differences in the methylation status of these genes between fore and hindlimb buds may exist and/or the expression pattern in force at the time of treatment may differentially respond to alterations in methylation.
As mentioned earlier, vacuolation of nerve axonal bers were noted in bers emanating from the posterior dorsal root ganglia. McBride and Vardy (17) speculated that the neurons from dorsal root ganglia are necessary for maintaining limb development and that thalidomide-induced defects occur subsequent to the interference or destruction of these neurons. We have demonstrated that d-AZA treatment induced vacuolation of nerve axonal bers emanating from the posterior dorsal root ganglia within caudal body structures. This and the normal expression of HoxC-11 RNA in the dorsal root ganglia suggest a role for altered HoxC-11 expression in the development of hindlimb defects.
Another patterning gene, sonic hedgehog is involved in the anterior-posterior patterning of limbs with some in uence on 506 BRANCH AND HENRY-SAM TOXICOLOGIC PATHOLOGY proximal-distal patterning (20) . Also, Izpisua-Belmonte et al (13) report that the nested limb expression of the Hox D genes in the limb bud are dependent of a factor released by the zone of poliferating activity. Sonic hegdeghog inhibits the function of its receptor Patched and this receptor inhibits the transcription of a number of genes including Hox genes (21, 24) . Shh expression has been shown to activate hox genes (21) . Recent work in this laboratory has demonstrated an up-regulation of sonic hedgehog detectable by RT-PCR 12 and 24 hours posttreatment (5) . This up-regulation may be a response to the HoxA-11 and C-11 down-regulation and may possibly in uence the expression level of HoxD-11, thus preventing its down-regulation. Further work is ongoing to determine the role of demethylating events in the altered expression of developmentally relevant genes to further understand molecular disruptions leading to xenobiotically induced abnormal development.
